Streptococcus suis is an important pathogen in pigs and is considered a zoonotic agent. To aid diagnosis of infection caused by S. suis, a species-specific probe targeting 16S ribosomal RNA was designed and used for fluorescent in situ hybridization. Two additional immunohistochemical detection methods, an indirect immunofluorescence assay and a peroxidase-antiperoxidase method, using polyclonal antibodies also were developed. The specificity of the oligonucleotide probe was examined by whole-cell and dot-blot hybridization against reference strains of the 35 serotypes of S. suis and other closely related streptococci and other bacteria commonly isolated from pigs. The probe was specific for S. suis serotypes 1-31. The specificity of the polyclonal antibodies, which has previously been evaluated for use in diagnostic bacteriology for typing of serotype 2, was further evaluated in experimentally infected murine tissue with pure culture of different serotypes of S. suis, related streptococci, and other bacteria commonly found in pigs. The polyclonal antibodies against S. suis serotype 2 cross-reacted with serotypes 1 and 1/2 in these assays. The in situ hybridization and the immunohistochemical methods were used for detection of S. suis in formalin-fixed, paraffin-embedded tissue sections of brain, endocardium, and lung from pigs infected with S. suis. The methods developed were able to detect single cells of S. suis in situ in the respective samples, whereas no signal was observed from control tissue sections that contained organisms other than S. suis. These techniques are suitable for determining the in vivo localization of S. suis for research and diagnostic purposes.
typing. However, cultivation and identification by standard bacteriologic methods can be ambiguous because of nontypable strains, viable but nonculturable cells, dead cells, or use of medium that failed to support the growth of the cells. The goal of the present study was to develop culture-independent assays using a fluorescent in situ hybridization assay to detect S. suis at the species level and indirect immunofluorescence (IF) and peroxidase-antiperoxidase (PAP) assays for targeting S. suis serotype 2. The diagnostic potential of the individual assays was evaluated and compared for application to future pathogenesis studies of S. suis infection in pigs.
Materials and methods
Isolation and identification and serotyping of S. suis. The isolation, identification, and serotyping of S. suis was done as previously described. 1 Experimental infection of mice. Experimentally infected murine (female SSC:CF 1 ) tissues were used as control material to optimize and evaluate sensitivity and specificity of the immunohistochemical techniques. The tissues were obtained from 11 mice, which were inoculated intravenously with a pure culture (1 ϫ 10 8 to 1 ϫ 10 9 colony-forming units) of 11 different bacterial strains (1 mouse for each strain) of S. suis serotypes 1, 1/2, 2, 3, 7, and 8, ␤-hemolytic Streptococcus Lancefield's group L, Streptococcus equisimilis, Haemophilus parasuis, Erysipelothrix rhusiopathiae, Figure 1 . In situ hybridization of a pig brain section showing Streptococcus suis as green cells growing in chains. The specific cells appear green, and the autofluorescence from the eucaryotic tissue is distinguished from the specific signal by its orange color using a red-green double filter set on the microscope. Bar ϭ 5 m. and Escherichia coli. One control animal was inoculated with sterile NaCl. The mice were euthanized after 10 min, and samples from liver and lungs were collected as previously described. 22 Porcine tissue collection. Tissue sections (brain, lung, and heart) were obtained from 28 pigs naturally infected with S. suis or other pathogens and submitted to the Danish Veterinary Laboratory for diagnostic purposes. Tissues from 1 pig (case material) from which no pathogenic bacteria were isolated and from 3 pigs experimentally infected with other pathogens were also used.
Histologic procedure. All tissues were fixed in 10% buff-ered formalin, embedded in paraffin, cut at 3-4 m, and mounted on adhesive slides. a The sections were stained with hematoxylin and eosin (HE) and examined by light microscopy. Development of the IF and PAP techniques. Prior to immunohistochemistry, the tissue sections were deparaffinated in xylene and rehydrated in ethanol. For the IF and PAP assays, a polyclonal rabbit hyperimmune serum with antibodies directed against S. suis serotype 2 b was used as the primary antibody.
For the development of the IF and the PAP techniques, dilutions of the primary polyclonal antibodies were prepared. According to the preliminary protocols, 2-fold dilutions of these antibodies (1:2 to 1:25,600) were applied to sections of lung tissue from a mouse inoculated with S. suis Table 2 . Results of the bacteriology, histopathology (HE stain), and indirect immunofluorescence (IF), peroxidase-antiperoxidase (PAP), and fluorescent in situ hybridization (FISH) assays on tissue sections from pigs.
Pig no. serotype 2. For each technique, 3 series of these dilutions were tested simultaneously, i.e., 2 different enzyme treatments, 0.07% protease (type XXIV c ) for 10 min at room temperature and 0.1% trypsin d in 0.1% CaCl 2 (pH 7.8) for 30 min at 37 C, were compared with an assay without enzyme digestion. Based on the preliminary results, further optimization of the assays was carried out in which different concentrations of secondary and (PAP) tertiary antibodies were applied.
The IF assay sections were washed 3 times for 5 min each in Tris-buffered saline (TBS: 50 mM Tris, pH 7.6, 150 mM NaCl) followed by incubation with trypsin (0.1% in CaCl 2 , pH 7.8) at 37 C for 30 min and washing 3 times for 5 min with TBS. TBS with 5% nonimmune swine serum was applied, and the sections were placed in a moisture chamber for 20 min. Incubation with primary antibody (1:200) for 60 min was followed by 3 5-min washes with TBS, incubation with secondary antibody (fluorescein isothiocyanate [FITC]conjugated swine anti-rabbit immunoglobulin e ) 1:20 for 30 min, 3 5-min washes with TBS, and incubation for 2 min with Tris buffer (10 mM, pH 8.4). The sections were mounted in glycerol/barbital buffer for fluorescence microscopy. When IF was combined with in situ hybridization, hybridization was carried out between the trypsin treatment and the blocking step with nonimmune serum, and the sections were mounted f for fluorescence microscopy.
When the IF assay was developed, the intensity of the positive reactions were given a score ranging from ϩ to ϩϩϩϩ. For the PAP assay, a descriptive comparison of the reactions was done.
The method for the PAP assay was initially the same as for the IF, except for the addition of 0.6% H 2 O 2 in TBS after the first washing step, and the primary antibody was used in a 1:100 dilution. The secondary antibody was a swine antirabbit immunoglobulin g (1:50). After washing 3 times for 5 min with TBS and incubation for 30 min with the tertiary antibody (PAP-rabbit, h 1:100), the reaction was developed with 3-amino-9-ethylcarbozole, followed by 3 5-min washes with TBS, counterstaining with Mayer's hematoxylin, and mounting in aqueous mounting medium i for light microscopy.
Oligonucleotide probes. A specific oligonucleotide probe (5Ј-CCATGCGGTAAATACTGT-3Ј) for S. suis was selected based on the 16S ribosomal RNA (rRNA) sequence. The systematic name 2 for the probe is S-S-S.suis-0183-a-A-18 but for simplicity the probe was named Suis183. In addition, probe EUB338 (5Ј-GCTGCCCGTAGGAGT-3Ј 3 ), which is specific for the bacterial domain, and probe non-EUB338 (5Ј-CGACGGAGGGCATCCTCA-3Ј 3 ), which is unable to bind specifically to bacterial sequences, were used as control probes.
The oligonucleotide probes were synthesized by standard phosphoramidite chemistry. j The oligonucleotides were 5Ј-labeled with an aminohexyl linker and were subsequently conjugated to either FITC k or the isothiocyanate derivative CY3 (cyanine dye CY3.29-Osu l ) and purified by reversephase chromatography. For the dot-blot assay, the Suis183 probe was 5Ј-labeled with digoxigenin (DIG m ) according to the manufacturer's instructions and purified by high-pressure liquid chromatography.
The specificity of the probe Suis183 was tested using a 16S rRNA database. 21 The probe has a perfect match to S. suis and 2 or more mismatches to all other sequences in the ARB database (currently 6,194 bacterial 16S rRNA sequences).
Dot blot. To test the specificity of the oligonucleotide probe Suis183, dot-blot hybridization with the DIG-labeled oligonucleotide probe and fluorescent whole cell hybridization were done against all 35 serotypes of S. suis 11, 12, 14, 15, 18 A colony from each sample was resuspended in TE buffer (10 mM Tris, 1 mM ethylenediaminetetraacetic acid pH 8.0). The DNA was denaturated by boiling for 10 min and then was transferred to ice. A 20-l aliquot was blotted on a nylon membrane (positively charged m ) using a dot-blot apparatus. n The DNA was bound to the membrane using UV light (ϭ0.120 J/cm 2 ).
Prehybridization was for 1 hr at 40 C with 20 ml of hybridization buffer (5ϫ standard saline citrate [SSC; 1ϫ SSC ϭ 0.15 M NaCl, 0.015 M Na citrate, pH 7.0], 2% blocking reagent, m 0.1% N-lauroylsarkosine, 0.02% sodium dodecyl sulfate [SDS]). The hybridization was performed with 10 pmol probe/ml and 20 ml of hybridization buffer overnight in a hybridization oven at 40 C. After washing the membrane twice for 5 min each time at 40 C with 50 ml 2ϫ SSC/0.1% SDS and then twice for 5 min each time with 0.1ϫ SSC/ 0.1% SDS at 40 C, the reaction was developed using the DIG detection kit m according to the manufacturer's instructions.
In situ hybridization. Prior to hybridization, the sections were deparaffinated in xylene and dehydrated in ethanol for 10 min. Before the hybridization solution was applied, the sections were circumscribed with a hydrophobic PAP-pen. o The hybridization was carried out at 37 C with 30 l of hybridization buffer (100 mM Tris, pH 7.2, 0.9 M NaCl, 0.1% SDS) and 75 ng of probe for 16 hr in a moisture chamber. The sections were rinsed in water and washed in 100 ml prewarmed (37 C) hybridization buffer without probe for 15 min and then in 100 ml of prewarmed (37 C) washing buffer (100 mM Tris, pH 7.2, 0.9 M NaCl) for 15 min. The sections were rinsed in water, air dried, and mounted f for microscopy.
Fixation of whole bacterial cells and whole cell hybridization. Cultured cells were fixed in 4% paraformaldehyde as previously described. 3 Fixed cells were stored at Ϫ20 C until use. Prior to the hybridization, cells were bound to 6well poly-L-lysine c teflon-coated slides p and dried by sequential washes in 50%, 80%, and 100% ethanol (3 min each). The hybridization was carried out as described for the in situ hybridization of tissue sections with 10 l hybridization buffer and 50 ng of probe/well. Epifluorescence microcopy. An epifluorescence microscope q equipped for epifluorescence with a 75-W Xenon lamp and filter sets XF23 and XF34 r was used to visualize fluorescein and CY3, respectively. A double filter set XF53 r was applied for simultaneous detection of red and green fluorescence. Micrographs were taken with a camera. s
Results
The specificity of the IF and PAP techniques was evaluated on the experimentally infected murine lung tissues, each containing a monoinfection. Only lung tissues containing abundant numbers of bacteria and from which the inoculated strain was reisolated were used. In the murine lung tissues containing S. suis serotype 2, a strong signal was obtained within the vessels with both the IF and PAP assays. Although both assays gave clear signals without enzyme treatment, the reactions were stronger when an enzyme treatment was used. Trypsin digestion gave a slightly stronger reaction than protease treatment. Thus, trypsin digestion was preferred for both assays.
A positive reaction was also found in murine tissues containing S. suis serotypes 1 and 1/2. In tissues inoculated with S. suis serotypes 3, 7, and 8, ␤-hemolytic streptococci, other bacterial species, or sterile NaCl, no signal was observed. Negative reactions were also obtained in tissue containing S. suis serotype 2 antigen when the primary antibody was substituted with TBS containing 5% nonimmune swine serum or an irrelevant polyclonal antibody. After absorption with the homologous antigen, the tissue containing S. suis serotype 2 was negative in the test, but absorption with heterologous antigen did not remove the cross-reactivity of the antibodies with S. suis serotypes 1/2 and 1 antigen.
For in situ hybridization, a species-specific oligonucleotide probe targeting S. suis was selected on the basis of sequence comparison within the 16S rRNA database. 21 The probe sequence and a sequence comparison with other members of the Streptococcaceae is shown in Table 1 .
To test the specificity of the oligonucleotide probe Suis183, dot-blot hybridization with the DIG-labeled oligonucleotide probe and fluorescent whole cell hybridization were performed against all 35 serotypes of S. suis and other closely related streptococci and bacterial species commonly isolated from pigs. The probe was able to bind to S. suis serotypes 1-31, including serotype 1/2, but no signal could be detected from S. suis serotypes 32-34. The probe Suis183 was specific for S. suis according to this assay. The same result was obtained using whole cell hybridization and dot-blot hybridization (data not shown). For whole cell hybrid-In situ detection of S. suis ization, the general bacterial probe EUB338 3 was used as a positive control and showed that the rRNA was accessible for probe binding in fixed whole cells and that the ribosomal content in the cells was sufficient to result in a strong fluorescence signal.
The in situ hybridization, the IF assay, and the PAP assay were used separately and in combination with formalin-fixed tissue samples from the brain, endocardium, and lungs from pigs infected by S. suis. In addition, tissue sections from pigs with other infections were used as negative controls for the specificity of the assays. The results of the bacteriologic examination, PAP, IF, in situ hybridization, and conventional histopathology using HE staining are summarized in Table 2 .
Streptococcus suis serotype 2 could be detected by the 3 methods in the examined tissue. However, differences in signal intensity and distribution were observed. In the brain, the in situ hybridization revealed that S. suis was growing in chains consisting of several cells and in small clumps of cells in chains in the leptomeninges (Fig. 1) . The cells growing in the brain were generally few but were concentrated in small areas within the leptomeninges. The IF (Fig. 2) and PAP (Fig. 3 ) assays also targeted antigen material in the brain, resulting in a higher number of reactions than the in situ hybridization. Figures 2 and 3 show the IF and the PAP assays, respectively, used for detection of S. suis in the brain.
In the endocardium, S. suis was present in very high numbers. The in situ hybridization mainly targeted the microorganisms in the superficial layers of the valvular lesions, but the IF and PAP assays also targeted anti-gen epitopes or microorganisms in the more profound tissue layers. An example of a microscopic field from a endocardial valve infected with S. suis serotype 2 is shown in Fig. 4 . The IF assay did not target all S. suis organisms present in the endocardial valves. Figure 4a shows the organisms targeted by the fluorescein-labeled antibodies in the IF assay. Figure 4b shows that the CY3-labeled probe specific for S. suis targets the same organisms as the IF assay in addition to other S. suis cells present in the tissue. Figure 5 shows an example of PAP staining in endocardium from the same pig, where the positive cells are reddish brown.
Bacteria were found in lower numbers and were more scattered in lung than in the endocardium. The tissues positive for S. suis serotype 2 were targeted by all assays; however, the IF and PAP assays revealed more positive areas than did the in situ hybridization. In contrast to the endocardium, the cells targeted by the in situ hybridization in lungs were also targeted by the IF assay. Figure 6 shows in situ hybridization of a lung tissue section with the fluorescein-labeled Suis183 probe, and Figs. 7 and 8 show a microscopic field from the same pig where S. suis serotype 2 was detected with the IF assay and PAP assay, respectively. In the control tissue sections of the brain, the endocardium, and the lungs, no signal was detected by the in situ hybridization, PAP, or IF assays. Testing with the control probe non-EUB338, which is unable to bind to bacterial sequences, showed that there was no nonspecific staining of microorganisms or eucaryotic tissue.
Discussion
Detection of pathogenic agents has traditionally been based on isolation of specific microorganisms.
However, there are occasions where pathogens are not isolated even though lesions are present. One explanation of major importance for the negative outcome of bacterial cultivation might be that no live bacteria are present at the time of examination, e.g., due to previous antibiotic therapy. In such cases, in situ visualization of specific bacterial antigens would indicate infection even when culture results were negative. This observation was made in a study of pneumonic calf lungs, where Haemophilus somnus antigen was visualized by immunohistochemistry in a significantly higher proportion of cases than were positive by culture. 22 Fluorescent in situ hybridization of whole cells with rRNA-targeted oligonucleotide probes has been extensively used as a tool for specific detection of microorganisms without cultivation, 4, 9 and as a result bacteria have been identified in their natural environment, e.g., as endosymbionts in intestinal samples from pigs and in activated sludge. 5, 7, 23 In contrast to immunohistochemical methods that rely on phenotypic expression, which may not be constant, phenotypic variation does not pose a problem when rRNA is used as a target. However, because the detection limit for rRNA targeting probes is dependent on the number of copies of rRNA in the cell and thereby the physiologic activity of the microorganisms prior to fixation of the sample, 9 the use of in situ hybridization is usually restricted to eutrophic environments.
Immunohistochemical methods, however, depend on phenotypic expression of antigenic determinants but are independent of the physiologic activity of the microorganisms at the time of fixation. These methods have the advantage that the specificity can be adjusted to serotype level, which is not possible using 16S rRNA as a target for in situ hybridization. Furthermore, the fluorescent signal resulting from the IF assay is usually brighter and more easily detected in the tissue than is the fluorescence from the rRNA targeting probe. The PAP assay is not dependent on fluorescence microscopy, and the samples can be stored for a much longer period.
The specificity of the polyclonal antibodies used for the IF and PAP assays has previously been evaluated in diagnostic bacteriology for typing of S. suis, and these antibodies are specific for S. suis serotype 2 (State Serum Institute, Copenhagen, Denmark). However, in this study the IF and PAP assays showed a cross-reaction with S. suis serotypes 1 and 1/2. This cross-reaction may be due to serotypes 1, 1/2, and 2 sharing antigenic determinants, which is well documented for serotype 1/2 and serotype 2. 17 The specificity of the polyclonal antibodies may also be altered when they are used on formalin-fixed sections. These cross-reactions must be taken into consideration for diagnostic use of the assays. However, serotypes 1 and 1/2 are rare in Denmark. 1 The oligonucleotide probe designed for S. suis is specific according to the dot-blot hybridization, the whole-cell hybridization, and the negative control tissue samples used in this study. The dot-blot and whole cell hybridization showed that the probe Suis183 could not detect S. suis serotypes 32-34. These observations corroborate previous work. 8 Sequence comparison for all 35 serotypes within the probe targeting site revealed a perfect match of the probe to the sequences for serotypes 1-31, but there were several mismatches within the probe targeting site to the sequences from serotypes 32-34.
The use of antibodies for detection relies on the expression of specific markers, which may not be constant. The use of the polyclonal antibodies directed against S. suis serotype 2 may pose a problem because of phenotypic variation, especially in endocardial tissues. The valvular endocarditis associated with S. suis infection is typically observed in its chronic state when the organisms have been present in the tissues for a long time. Cultivation revealed that the number of nontypable isolates of S. suis was higher in the endocardium than in other organs. The IF and PAP assays directed against serotype 2 and cross-reacting with serotypes 1/2 and 1 did not target all the microorganisms targeted by the in situ hybridization, possibly because of S. suis cells that have lost their antigenic determinants. Because the polysaccharide antigens involved in serotyping originate from the capsular material, only encapsulated strains can be serotyped. 13 In a study of porcine endocarditis, the S. suis strains isolated were nontypable because of lack of a capsule. 16 In a case study of human endocarditis, the possibility for in vivo phase variation of capsule expression has been suggested for group B streptococci, which also have a polysaccharide capsule essential for serotyping. 20 In contrast, the IF and PAP assays targeted some microorganisms or antigenic determinants in the interior tissue of the endocardium. These microorganisms may be dead or growing so slowly that there was no signal from the in situ hybridization.
The cultivation results from some of the endocardial tissue sections have shown S. equisimilis in a mixed culture, but the strong reaction of the cells in the tissue indicated that S. suis also was present, although it was not isolated. In cases where microscopic lesions are present but no pathogenic agent can be cultivated, in situ detection can be an aid in diagnosis.
The antibodies target both intact bacterial cells and antigens found in the tissue, thus resulting in a higher number of reactions than seen with in situ hybridization. This increased number of reactions may be an advantage if the purpose is to determine if S. suis has been present in the tissue sample. However for pathogenesis studies it could be a disadvantage if the purpose is to monitor the spread of microorganisms at a particular stage of infection. The use of an antibody reacting with serotypes 2, 1, and 1/2 can pose a problem only because some S. suis infections may escape detection. However, if microscopic lesions are present, the in situ hybridization assay targeting S. suis serotypes 1-31 may be applied.
The sensitivity of in situ hybridization is difficult to address. Detection of a single cell depends upon the ribosomal content in the cell and the autofluorescence background of the eucaryotic tissue. In the tissue sections, the ribosomal content in the cells is apparently sufficient to result in a strong fluorescence signal. The autofluorescent background of the tissues can be distinguished from the specific signal from the probe by the use of a double filter set on the microscope. The autofluorescent background has a broad nonspecific fluorescence, but the specific signal resulting from the fluorescent probe has a specific and narrowed fluorescence. This difference prompted the use of a red-green microscope filter set, which resulted in an orange fluorescent background of eucaryotic tissue, a specific red signal from the CY3-labeled probe, and a green signal from fluorescein-labeled antibody or probe.
The costs of implementing the type of assays described here are higher than the costs of conventional pathologic and bacteriologic methods usually employed for detection of S. suis in diagnostic laboratories. However, these techniques were developed primarily for supplementing the methods normally used, which may be insufficient in problematic cases. Furthermore, the strength of the in situ hybridization and immunohistochemical detection techniques also rests in their applicability in pathogenesis studies.
The techniques described in this study are useful for detecting S. suis in formalin-fixed tissue sections and can be applied as an aid in diagnosis of infections caused by S. suis and for pathogenesis studies of the diseases caused by S. suis.
